Schwann cell myelination is tightly regulated by timely expression of key transcriptional regulators that respond to specific environmental cues, but the molecular mechanisms underlying such a process are poorly understood. We found that the acetylation state of NF-B, which is regulated by histone deacetylases (HDACs) 1 and 2, is critical for orchestrating the myelination program. Mice lacking both HDACs 1 and 2 (HDAC1/2) exhibited severe myelin deficiency with Schwann cell development arrested at the immature stage. NF-B p65 became heavily acetylated in HDAC1/2 mutants, inhibiting the expression of positive regulators of myelination and inducing the expression of differentiation inhibitors. We observed that the NF-B protein complex switched from associating with p300 to associating with HDAC1/2 as Schwann cells differentiated. NF-B and HDAC1/2 acted in a coordinated fashion to regulate the transcriptionally linked chromatin state for Schwann cell myelination. Thus, our results reveal an HDACmediated developmental switch for controlling myelination in the peripheral nervous system.
a r t I C l e S Myelination of axons by Schwann cells in the peripheral nervous system (PNS) is essential for axonal insulation and saltatory conduction of action potentials. Peripheral myelin defects underlie various inherited or acquired demyelinating neuropathies in the PNS, leading to motor and sensory disabilities 1 . Schwann cell myelination is a complex developmental process, with a different set of regulators being sequentially induced to drive successive transitions until mature myelin is formed. Recent studies have revealed a transcriptional cascade that positively and negatively controls Schwann cell differentiation in a spatiotemporally specific manner 2, 3 . Given that expression of these factors is regulated by different environmental cues, it is conceivable that epigenetic mechanisms are important for instructing the myelination program. A well-studied mechanism of chromatin remodeling is mediated by histone methylation and acetylation, the latter being dynamically controlled by histone acetyltransferases (HATs) and HDACs 4 . Recently, HDAC1 and HDAC2 were shown to be essential for CNS myelination 5, 6 ; however, their function and underlying mechanisms in Schwann cell differentiation and myelination remain elusive.
RESULTS
To define the role of HDAC1 and HDAC2 in Schwann cell development, we generated Cre-mediated Hdac1 and Hdac2 deletion mutant mice (Hdac1 loxP/loxP ; Dhh-cre and Hdac2 loxP/loxP ; Dhh-cre) and a double knockout mutant (Hdac1 loxP/loxP ; Hdac2 loxP/loxP ; Dhh-cre, dCKO) mouse. In these mice, Hdac1 and Hdac2 were flanked by loxP sites and cre was driven by the Dhh promoter, resulting in the deletion of the Hdac1 and Hdac2 genes in cells of the Schwann cell lineage 7 . Hdac1 and Hdac2 single mutants appeared to be normal compared to heterozygous control littermates, whereas dCKO mice developed severe tremors, hindlimb paralysis and died around postnatal week 2 (Supplementary Fig. 1) .
The sciatic nerves isolated from dCKO mice at postnatal day 7 (P7) appeared to be much thinner and translucent compared with the control and Hdac1 or Hdac2 single mutants ( Fig. 1a) . Electron microscopy ultrastructural analysis revealed that there was a severe myelin deficit in dCKO mice and that the majority of Schwann cells appeared to be associated with multiple axon bundles, but did not form myelin sheaths around axons ( Fig. 1a) . Similarly, at P0, the majority of Schwann cells failed to establish a 1:1 relationship with individual axons, although a few Schwann cells were able to sort the axons (Fig. 1b) . The absence of a discernable myelination defect in Hdac1 or Hdac2 single mutants suggests that these HDACs function redundantly during Schwann cell differentiation. Consistently, we observed upregulation of HDAC2 or HDAC1 in Hdac1 loxP/loxP ; Dhhcre and Hdac2 loxP/loxP ; Dhh-cre sciatic nerves, respectively ( Fig. 1c ), suggesting that each has a compensatory effect in the other's absence. As Hdac1 or Hdac2 single mutant phenotypes were indistinguishable from that of the heterozygous control, we focused on the control (Hdac1 loxP/+ ; Hdac2 loxP/+ ; Dhh-cre) and dCKO mice for subsequent analyses. Consistent with our electron microscopy analysis, expression of mature myelin components, such as Mbp, Mag and Mpz, was a r t I C l e S significantly downregulated in dCKO sciatic nerves ( Fig. 2) , indicating that there was a severe defect in Schwann cell differentiation. In contrast, the number of immature Schwann cells expressing S100β and p75 was comparable to the control at P4 ( Fig. 2a) and their proliferation was unaffected on the basis of Ki67 expression and BrdU incorporation ( Supplementary Fig. 2a,b ). There was a slight increase in the percentage of apoptotic cells in the nerves ( Supplementary  Fig. 2c) ; however, it did not alter the overall number of immature Schwann cells. These results suggest that Schwann cell development becomes arrested at the immature stage in the absence of HDAC1 and HDAC2.
Because Schwann cell development is controlled by a series of positive and negative regulatory factors 2,3 , we next measured the mRNA levels of these regulators. In dCKO sciatic nerves, we observed not only a significant reduction in expression of positive regulators, including Oct6 (also known as Scip and Pou3f1), Sox10, Krox20 (also known as Egr2) and Gpr126, but also a concomitant increase of negative regulators of Schwann cell differentiation, such as Sox2, Sox11, Jagged1, Jun (c-Jun), Hes1, Hes5, Id2 and Id4 (Fig. 2c) . Protein levels of important Schwann cell differentiation regulators, such as Sox10, Oct6 and Krox20, were correlated with their mRNA levels, as determined by quantitative RT-PCR (qRT-PCR; Fig. 2b,c) . These results suggest that HDAC1-and HDAC2-dependent epigenetic modifications control the overall transcriptional program to orchestrate proper Schwann cell differentiation.
Myelination deficiency in dCKO sciatic nerves suggests that HDAC1 and HDAC2 are likely to target critical transcription factors for Schwann cell differentiation. As a candidate molecule, we focused on NF-κB, as it is crucial for Schwann cell differentiation by regulating expression of key differentiation regulators such as Oct6 (ref. 8) and, in addition, its p65 subunit is known to undergo a reversible acetylation/deacetylation by HATs (for example, p300) and HDACs 9 . a r t I C l e S Western blot analysis revealed that the amount of acetylated p65 markedly increased in dCKO sciatic nerves, whereas the total amount of p65 did not differ between control and dCKO at P4 ( Fig. 3a) . Consistently, we observed a robust increase in the expression intensity of acetylated p65 in dCKO sciatic nerves via immunohistochemistry ( Fig. 3b) . Acetylated tubulin levels did not increase in dCKO mice ( Fig. 3a) , suggesting that the effect of Hdac1 and Hdac2 deletion on p65 acetylation was specific. Similar to the lack of myelination defect, p65 acetylation levels were not altered in Hdac1 or Hdac2 single mutants (Supplementary Fig. 3) .
We sought to determine the extent of p65 acetylation changes during the course of Schwann cell development and found that the amount of acetylated p65 decreased gradually from P0 to P14 (Fig. 3c ). In addition, under the differentiation condition that promoted expression of myelination-associated proteins ( Supplementary Fig. 4) , the amount of p65 that interacted with HDAC1 and HDAC2 increased substantially in differentiating Schwann cells compared to proliferating Schwann cells ( Fig. 3d) . On the other hand, the association of p65 with p300/CBP, the major HAT for p65 acetylation 9 , declined markedly in differentiating Schwann cells ( Fig. 3d) . Conversely, we observed an enhancement of acetyl p65/p300 interaction by immunoprecipitation in myelin-deficient dCKO sciatic nerves ( Fig. 3e) . Together, these results suggest that the NF-κB p65 complex stops associating with p300 and instead associates with HDAC1 and HDAC2 as Schwann cells differentiate, thereby undergoing the deacetylation process. Thus, these results identify NF-κB p65 subunit is known to be acetylated at K310, K314 and K315, whereas K310 acetylation has been reported to be critical for its transcriptional activity in vitro 10, 11 . To determine whether the acetylation state of p65 regulates myelin gene transcription, we introduced wild-type p65 and p65 mutants carrying mutations in the acetylation sites to primary rat Schwann cells, along with reporters for differentiation activators or inhibitors. Transfection of wild-type p65 substantially transactivated reporter activities of Sox10 or the myelin gene Mpz (Fig. 4a) , while inhibiting the Id4 or Hes5 promoter activity (Fig. 4b) .
Overexpression of p65 acetylation mutants exhibited an enhanced ability to activate reporter activities of Sox10 and Mpz promoters (Fig. 4a) , and similarly caused a further decrease in Id4 and Hes5 reporter activities (Fig. 4b) . These results suggest that the acetylation states of NF-κB p65 K310, K314 and K315 sites are involved in transcriptional control of the Schwann cell myelination program.
We next tested whether introducing HDAC1 and HDAC2 could mimic the effect of the p65 acetylation mutations in primary Schwann cells. Indeed, combination of HDAC1 and HDAC2 resulted in a 3-5-fold increase in Sox10 and Mpz promoter activities (Fig. 4c) and a 40% reduction in Id4 promoter activity (Fig. 4d) . Overexpression of p300 alone increased endogenous p65 acetylation, which was further enhanced when introduced along with p65 ( Fig. 4e) . Notably, introduction of p300 substantially blocked endogenous expression of Mbp and Sox10 with and without p65 in primary rat Schwann cells (Fig. 4f) . In contrast with the positive regulators of myelination, overexpression of p300 upregulated the expression of differentiation inhibitors such as Id2, Id4, Notch effectors (Hes1 and Hes5) and Notch signaling ligands (Jagged1, Delta1 and Delta3) 2,3 (Fig. 4g) . Together, these results indicate that HDAC-regulated deacetylation of NF-κB selectively activates expression of positive regulators while repressing differentiation inhibitors to promote Schwann cell myelination.
Given that HDAC1 and HDAC2 are essential for gene transcription during Schwann cell myelination, we hypothesized that the acetylation state of p65 regulated by HDACs may signal transcription-dependent changes in chromatin structure. To address the hypothesis, we performed chromatin immunoprecipitation assays with activating and repressive trimethyl histone marks, H3K4me3 and H3K9me3 a r t I C l e S (refs. 12,13) , respectively, in addition to p65 and acetylated p65. As for the target genes, we chose Schwann cell regulatory genes Sox10 and Id4 (ref.
3), as both contained a highly conserved NF-κB binding site in their promoter regions. In particular, the Sox10 promoter carrying the NF-κB site was shown to direct reporter gene expression in Schwann cells both in vivo and in vitro 14 .
In control sciatic nerves, HDAC1, HDAC2 and p65 were recruited to the Sox10 promoter region carrying the NF-κB binding site, but not to the region that lacked the NF-κB consensus site (Fig. 5a) . In contrast, in dCKO sciatic nerves, p65 recruitment was hardly detectable, whereas acetyl-p65 recruitment increased markedly (Fig. 5a) , which coincided with the increase of p300 recruitment (Fig. 5a,b) . Of particular interest is that robust recruitment of an activating histone mark, H3K4me3, to the promoter region observed in control was no longer detected in dCKO. Instead, the recruitment of a repressive histone mark H3K9me3 increased significantly in dCKO (Fig. 5a,b) . As a control, the recruitment level of H3K4me3 and H3K9me3 on the housekeeping gene Gapdh promoter was comparable between control and dCKO sciatic nerves (Fig. 5c) .
In the Id4 promoter, on the other hand, the repressive mark H3K9me3 was robustly recruited in control sciatic nerves and H3K4me3 recruitment was barely detectable (Fig. 5d) . Conversely, in the absence of HDAC1 and HDAC2, H3K4me3 was strongly recruited along with acetyl-p65 and p300, whereas H3K9me3 occupancy was significantly reduced (Fig. 5d,e) . Given that trimethylation on histone H3-K4 and H3-K9 are the histone modifications that are often associated with gene activation and repression 12, 13 , respectively, our observations suggest that HDAC1 and HDAC2 alter the acetylation state of NF-κB on the promoter region of Schwann cell regulatory genes to induce a change of chromatin configuration in coordination with transcriptional outcome. In addition, introducing p65 into Schwann cells isolated from dCKO sciatic nerves resulted in a significant increase in the expression of myelin genes and positive regulators of Schwann cell differentiation (Fig. 5f) and a reduction of differentiation inhibitors ( Fig. 5g) . Thus, p65 overexpression could, at least in part, rescue the defects of the Schwann cell differentiation program caused by the loss of HDAC1 and HDAC2, suggesting that p65 is a critical target of HDAC1 and HDAC2 for Schwann cell differentiation.
DiSCUSSioN
Requirement of HDACs for the formation of both myelinating oligodendrocytes and Schwann cells suggests that HDAC1 and HDAC2 have a conserved function in CNS and PNS myelination by regulating common differentiation activators (for example, Sox10 and YY1) and inhibitors (for example, ID4, Sox2 and Hes5) 6, 15 . However, HDACs may have divergent effects on distinct signaling pathways and molecular targets in the CNS and PNS. We and others have shown previously that HDAC1 and HDAC2 regulate Wnt signaling 5 , whose activation inhibits myelination and remyelination in the CNS 5, 16 . Notably, activation of canonical Wnt signaling by β-catenin stabilization in the Schwann cell lineage did not affect Schwann cell myelination in β-catenin activating mice (Ctnnb1 lox(ex3)/+ ; Dhh-cre; Fig. 6 ). There might be a potential discrepancy regarding Wnt/β-catenin activities in Schwann cell development between our study and a companion study 17 , in which HDAC1 was found to control Schwann cell survival by regulating Wnt/β-catenin signaling 17 . Although the reasons for the discrepancy are not clear, it might be a result of differences in the cellular context and timing.
In the PNS, NF-κB signaling is required for Schwann cell myelinogenesis 8 . We found that HDAC1 and HDAC2 control Schwann cell differentiation, at least in part, by modifying NF-κB acetylation state and cooperating with NF-κB. At present, the role of NF-κB signaling in CNS myelination remains unknown. Our data reveal a developmental switch in which the NF-κB p65 complex stops associating with HATs, such as p300, and begins associating with HDAC1 and HDAC2 on target promoters during Schwann cell differentiation (Supplementary Fig. 5 ). In addition, recruitment of chromatin modifiers, such as histone methyltransferases, by HDACs and their effectors, such as NF-κB, may also contribute to the specificity of target gene expression ( Supplementary  Fig. 5 ). Our results suggest that HDAC1, HDAC2 and NF-κB act coordinately to refine the epigenetic landscape for gene transcription that is required for Schwann cell myelination. Enhancing their activities may have therapeutic benefits for promoting myelin repair.
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